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The search for broken time reversal symmetry (TRSB) in unconventional superconductors in- 
tensified in the past year as more systems have been predicted to possess such a state. Following 
our pioneering study of TRSB states in Sr2Ru04 using magneto-optic probes, we embarked on a 
systematic study of several other of these candidate systems. The primary instrument for our stud- 
ies is the Sagnac magneto-optic interferometer, which we recently developed. This instrument can 
measure magneto-optic Faraday or Kerr effects with an unprecedented sensitivity of 10 nanoradians 
at temperatures as low as 100 mK. In this paper we review our recent studies of TRSB in several 
systems, emphasizing the study of the pseudogap state of high temperature superconductors and 
the inverse proximity effect in superconductor/ferromagnet proximity structures. 



I. INTRODUCTION 



II. MAGNETO-OPTICS AS A PROBE FOR 
BROKEN TIME REVERSAL SYMMETRY 



In a system with strong, short-range repulsion be- 
tween electrons, it is natural to find a superconduct- 
ing order parameter that changes sign in different re- 
gions of the Brillouin zone, so that the average of the 
order parameter over k is small or vanishing. When 
the averaged order parameter over the entire Fermi sur- 
face of the material yields zero, that superconductor 
is deemed unconventional^. Thus, non-5-wave super- 
conductors, in which the phase of the order parameter 
changes sign, are unconventional. Although many of 
the earliest superconductors studied turned out to be 
unconventional, it was not until high- Tc superconduc- 
tors were discovered, and their order parameter shown 
to have d-wave symmetry, that the notion of unconven- 
tional superconductivity caught on as a special class, 
s-wave superconductors inherently preserve time rever- 
sal symmetry; however, unconventional superconductors 
can be found in forms that break time reversal sym- 
metry. In fact, we know now that the order param- 
eter has dx2_y2 symmetry in the cuprates, and likely 
in the "115" heavy fermion superconductors and the 
ET (bis(ethylenedithio)-tetrathiafulvalene, also known as 
BEDT-TTF) organics; p-wave symmetry in Sr2Ru04 
(possibly Px ± Wy)^ and probably the Bechgaard salts; 
and a complex pattern which is still not fully resolved 
in the newly discovered Fe-pnictides. Often, this leads 
to the existence of gapless nodal quasiparticles in the su- 
perconducting state. However, this is not necessary. The 
presence of a secondary order parameter which nests the 
nodal points of the superconductor can open a gap in the 
quasiparticle spectrum without destroying superconduc- 
tivity. If time reversal symmetry is broken, so that the 
superconducting order parameter is complex, this typ- 
ically insures a full gap in the quasiparticle spectrum. 
While the additional types of order can produce various 
side effects, the opening of a gap could, presumably, re- 
duce the amount of low frequency dissipation in such a 
superconductor. 



Magneto-optical (MO) effects are described within 
quantum theory as the interaction of photons with elec- 
tron spins through spin-orbit interaction (see e.g.^). 
Macroscopically, linearly polarized light that interacts 
with magnetized media can exhibit both ellipticity and a 
rotation of the polarization state. The leading terms in 
any MO effects are proportional to the off-diagonal part 
of the ac conductivity: (Jxy{oo) = a'^yiuo) + icr'^yiuo)'^ . A 
finite MO effect measured in a material unambiguously 
points to time reversal symmetry breaking (TRSB) in 
that system. For example, in an applied magnetic field, 
cFxyioo) is finite and proportional to the field. Its zero fre- 
quency limit is the known Hall coefficient of the material. 

To demonstrate the relation between TRSB and MO 
effects, consider a transparent sample of thickness ^, 
through which a linearly polarized plane wave of light 
(the electric field is E = ^Qexp[i{kz — oot)]) is trans- 
mitted. If the material is circularly birefringent, i.e. the 
complex index of refraction (n = n + m) for left and 
right circularly polarized light is different {til ^i?), the 
polarization will rotate by an angle^ 
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where a; is the frequency of the light (in vacuum: A = 
271 c/uo). This is called the Faraday effect and 6>i? is the 
Faraday angle. The connection to TRSB arises when we 
want to distinguish this particular rotation of polariza- 
tion from other, reciprocal effects that may also rotate 
the polarization. For example, a linearly birefringent 
material will also rotate the polarization when linearly 
polarized light that is not aligned with one of the princi- 
pal axes of the material goes through it. To distinguish 
reciprocal effects from TRSB effects we apply a time- 
reversal operator, T, to the light that emerges from our 
sample. Since T is an antiunitary operator, it will trans- 
form E(z,t) to E*(z, — t). This will result in a plane 
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wave going in the opposite direction through the sample, 
an effect that can easily be simulated with a mirror as is 
depicted in Fig. [TTl 
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FIG. 1: A simple test to distinguish a TRSB sample (a) from 
other reciprocal polarization-rotation effects (b). A mirror 
used in (a) will cause an additional rotation of polarization 
(c) while going through a non-TRSB sample will bring the 
polarization to its initial state (d). 



Indeed, placing a mirror after the sample and measur- 
ing the state of the polarization at the initial location 
after the beam has passed back through the sample has 
two possible results. If time-reversal symmetry is not 
broken, the light will go back to the initial state of lin- 
ear polarization. However, if time-reversal symmetry is 
broken, i.e. a true Faraday effect has occurred, the polar- 
ization at the origin after the beam has returned through 
the sample will read twice the Faraday angle. This sim- 
ple consideration not only demonstrates the connection 
between TRSB and magneto-optic effects (in this case 
the Faraday effect), but also suggests a method for mea- 
suring the amount of TRSB in a magnetically circular- 
birefringent material: one needs simply to compare two 
identical beams of light that counter-propagate through 
the test sample while traversing the exact same optical 
path. The application of the above considerations to the 
polar Kerr effect (PKE), in which a rotation of polar- 
ization is detected for a beam of light reflected from a 
magnetic-circularly birefringent material, is straightfor- 
ward and is given in ref.^. The Kerr angle is given by 



6k = —^m 



riL - riR 
fiLfiR - 1 



(2) 



which in the case of weak absorption (i.e. ul ^ and 
ur ^ kr) reduces to 
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We next discuss our unique method of testing for 
TRSB effects using a Sagnac interferometer, which re- 
lies exactly on the comparison between two counter- 
propagating beams through a magnetic-circularly bire- 
fringent material. 



III. THE SAGNAC INTERFEROMETER AS A 
MAGNETO-OPTIC SENSOR 
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FIG. 2: Experimental setup and the polarization states at 
various locations in the apparatus: vertical, in-plane polar- 
ization; horizontal, out-of-plane polarization; solid line, beam 
1; dashed line, beam 2. 



Our ability to perform high precision Faraday and po- 
lar Kerr effect measurements relies on the newly con- 
structed zero- area- loop Sagnac interferometer. With this 
instrument we are able to probe non-reciprocal circu- 
lar birefringence effects, while rejecting reciprocal effects 
to unprecedented accuracy. Fig. IIIII shows a schematic 
of the design. The output of a very-short-coherence 
length (~30 jim) fiber-coupled superluminescent light 
emitting diode (SLED) centered at 1550 nm is routed 
by a fiber polarization-maintaining (PM) circulator to a 
Glan-Calcite polarizer, and becomes linearly polarized. 
The polarization is then rotated by a half- wave (A/ 2) 
plate to a position that is 45^ to the axes of a birefrin- 
gent electro-optic modulator (EOM), which operates at 
fm = 5.078 MHz. The length of the fiber strand is cho- 
sen to match twice the optical transit time of the sys- 
tem. After passing the EOM, the beam is split into two 
parts, with polarizations along the fast and slow axes 
of the EOM. They are then launched into the fast and 
slow axes respectively of a ~10-m-long polarization main- 
taining (PM) fiber that is fed into a He-3 cryostat (base 
temperature < 0.5 K). An aspheric lens focuses the light 
coming out of the fiber through a 100-/im-thick quartz 
quarter- wave (A/4) plate into a spot with diameter 
in the range of ~3 jam to ~25 /im on the surface of the 
sample. The A/4 plate is aligned at 45^ to the axes of 
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the PM fiber and converts the two orthogonahy polarized 
beams into right- and left-circular ly polarized light. The 
non-reciprocal phase shift (j)nr between the two circularly 
polarized beams upon reflection from the TRS-breaking 
sample is twice the Kerr rotation^'^*^ {(prir = 2^^), while 
if a transparent sample is used with a mirror at its back, 
the non-reciprocal phase shift between the two circu- 
larly polarized beams is four times the Faraday angle 
((/>nr = 46>f)- The same A/4 plate converts the reflected 
beams back into linear polarizations, but with a net 90^ 
rotation of polarization axis. In this way, the two beams 
effectively exchange their paths when they travel back 
through the PM fiber and the EOM to the polarizer. 
After passing the polarizer, the light is routed by the cir- 
culator to an AC-coupled photo-detector. Therefore the 
two beams travel precisely the same distance from source 
to detector, and should constructively interfere except 
for a small phase difference ^^r, which is solely from the 
TRS-breaking effect in the sample. Note that any light 
which did not follow the correct path (i.e. due to back re- 
flections and scattering, as well as polarization coupling 
due to birefringence of the sample or imperfections and 
misalignment of waveplates) will differ by many times 
the coherence length due to the birefringence of the PM 
fiber and EOM. This light may reach the detector, but 
can't interfere coherently with the main beams; it will at 
most add a constant background. Thus, the EOM serves 
as a convenient way to actively bias the interferometer 
to its maximum response and enable lock-in detection^^^. 
The signal from the detector will contain even harmonics 
of fm proportional to the overall reflected intensity, and 
odd harmonics proportional to 0^^?^. Additional details 
of this apparatus, including its low temperature perfor- 
mance, are described in Xia et al7 . We note that in 
some applications we removed the focusing lens between 
the A/4 plate and the sample in order to minimize the 
drift due to the Faraday effect in that lens. To summarize 
the current performance of the apparatus, we achieved a 
shot-noise limited sensitivity of 100 nanorad/vSz at 10 
/iW of detected optical power from room temperature 
down to 0.5 K, with stability of better than 30 nanorad 
over a period of 50 hours, or better than 10 nanorad over 
a span of 8 hours if chosen properly during the day (the 
environment has strong influence on the ultimate perfor- 
mance of the electronics associated with the apparatus). 



IV. SR2RUO4 

Soon after the discovery of the layered-perovskite su- 
perconductor Sr2Ru04^, it was predicted to be have odd- 
parity pairing symmetry^' Subsequently, a large body 
of experimental results in support of odd-parity super- 
conductivity has been obtained^^. The symmetry of the 
superconducting state is related simply to the relative or- 
bital angular momentum of the electrons in each Cooper 
pair. Odd parity corresponds to odd orbital angular mo- 
mentum and symmetric spin-triplet pairing. While a pri- 




FIG. 3: Noise figures and stability of the zero-area-loop 
Sagnac interferometer, a) Noise measurements of Ok vs. opti- 
cal power. The reference lines of the detector noise and shot- 
noise indicate that the system becomes shot-noise limited be- 
low ^ 3 /iWatt. b) Stability of the system shows oscillations 
with a period of 24 hours bound by a drift of 30 nanorad (top) , 
mostly occurring due to local air handling system. Note that 
in every 24 hours this effect is minimum over a long span of 
time (over 6 hours) in which the drift is bound by no more 
than '-^lO nanorad. 



ori the angular momentum state can be p (i.e. L = 1), / 
(i.e. L = 3), or even higher order— li^, theoretical anal- 
yses of superconductivity in Sr2Ru04 favor the p-wave 
order parameter symmetry^^^^. There are many allowed 
p-wave states that satisfy the cylindrical Fermi surface 
for a tetragonal crystal, which is the case of Sr2Ru04 
(see e.g. table IV inii). Some of these states break time- 
reversal symmetry (TRS), since the condensate has an 
overall magnetic moment due to either the spin or orbital 
(or both) parts of the pair wave function. However, in 
their seminal paper. Rice and Sigrist^, analyzing normal- 
state data as well, concluded that the most probable or- 
der parameter for Sr2Ru04 is d{p)=z[px ± Wy]^ where 
following the convention of Balian and Werthamer^^ we 
used the three-component complex vector d(p) to repre- 
sent the superconducting gap matrix. 

In a p-wave superconductor each Cooper pair carries 
h amount of angular momentum and thus a + ipy su- 
perconductor would be viewed as an orbital ferromagnet 
with a uniform magnetization pointing perpendicular to 
the Ru-0 planes. While an ideal sample will not exhibit a 
net magnetic moment due to Meissner current screening, 
surfaces and defects at which the Meissner screening of 
the TRS-breaking moment is not perfect and can result 
in a small magnetic signal^^. Indeed, muon spin relax- 
ation (/iSR) measurements on good quality single crys- 
tals of Sr2Ru04 showed excess relaxation that sponta- 
neously appeared at the superconducting transition tem- 
perature. The exponential nature of the increased re- 
laxation suggested that its source is a broad distribution 
of internal fields, of strength ~ 0.5 Oe, from a dilute 
array of sources^^'^^. While TRS breaking is not the 
only explanation for the /iSR observations, it was ac- 
cepted as the most likely oneii. At the same time, a 
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Px ^Wy state is expected to result in edge currents that, 
while largely reduced due to opposing Meissner currents, 
are still expected to be measurable^^'^^. However, to 
date, neither Hall bar microscopy^^ nor scanning SQUID 
measurements^^ could observe the signature of such cur- 
rents. We note however that these two seemingly oppos- 
ing results may still be reconciled if we accept the fact 
that the symmetry of the order parameter is not a single 
band, pure Px + Wy one, and it may be further com- 
plicated by the presence of spin-orbit interaction. Since 
interpretation of both measurements is strongly model 
dependent, the conclusions implied by each of these ex- 
periments may not be conclusive. This possibility is not 
new, since the most anticipated effect for a pure Px + Wy 
superconductor, namely the in-plane strong anisotropy of 
the upper critical field^^^^^, was never observed^^. The 
lack of large anisotropy for the low-field region of Hc2 be- 
tween the (100) and (110) directions'^, was suggested as 
evidence that more than one band participate in shaping 
the superconducting stat o'^i'^i'^ . The need to look at all 
three bands of Sr2Ru04 has become even more impera- 
tive with the recent discovery that spin-orbit interaction 
in this system is as large as 100 meV in some parts of the 
Fermi surface'^'^^. 

Irrespective of the details of the symmetry of the order 
parameter, the issue of TRSB has to be resolved through 
an independent measurement. As TRSB has consider- 
able implications for the understanding of superconduc- 
tivity in Sr2Ru04, establishing its existence, and in par- 
ticular in the bulk, without relying on imperfections and 
defects is of utmost importance. The challenge is there- 
fore to couple to the TRS-breaking part of the order pa- 
rameter to demonstrate the effect unambiguously. 

As explained above, measuring a finite polar Kerr ef- 
fect (PKE) unambiguously points to TRSB. However, 
early estimates of this circular dichroism in Sr2Ru04 
suggested that this effect would be very small'^. To 
detect this very small PKE we used the zero-area-loop 
Sagnac interferometer at wavelength A=1550 nm de- 
scribed above. Our results show the emergence of a finite 
PKE at Tc 1.5 K^o. The size of the effect increases 
with decreasing temperature down to 0.5 K, tracking the 
increase in magnitude of the superconducting order pa- 
rameter. Figure IIVI has some of the important compo- 
nents of our results. First, the main panel shows the 
emergence of the PKE signal below Tc. While the sig- 
nal above fiuctuates around zero Kerr signal with no 
more than 20 nanorad, the increase below Tc is roughly 
linear in (Tc — T), starting to saturate at low tempera- 
tures and possibly pointing to a ~100 nanorad signal at 
T = 0, as seen in the inset. This linear dependence in- 
dicates a quadratic dependence on the order parameter, 
as expected from symmetry arguments^^^^'^^^. We fur- 
ther note that zero-field cool measurements have shown 
a variety of results where the largest signal was the same 
as the field cool results. Moreover, the fact that a ~100 
Oe field cool result is the same as zero field and does not 
change whether the field is applied or removed (see inset 




Temperature (K) 

FIG. 4: Representative results of PKE measurements of 
Sr2Ru04. Main panel shows the emergence of the PKE af- 
ter zero-field cool. Inset shows the an example of training 
the chirality with an applied field. A +93 Oe field cool was 
used, followed by a zero field warm-up (circles). The two solid 
squares represent the last two points just before the field was 
turned off. 



of Fig. [IV|) suggests that the effect is not a vortex effect 
but rather is intrinsic to the superconducting state. An- 
other important detail embedded in Fig. IIVI is that the 
main panel was taken at incident power of ~6 /iWatt, 
while the data in the inset (as well as many other data 
of zero field cool or trained data at field cool) was taken 
at ~0.7 /iWatt. The fact that both data show the same 
size of effect shows that the PKE we observe is not a 
magneto-thermal effect. Based on the above results we 
conclude that TRS is broken in Sr2Ru04 below Tc. 

Our unambiguous results indicate that more theoreti- 
cal work has to be done to reconcile all experimental re- 
sults. While it is widely accepted that strontium ruthen- 
ate is an unconventional superconductor and most likely 
exhibits triplet pairing, puzzles remain in trying to con- 
nect this with the various measurements aimed at observ- 
ing TRSB (see e.g. ref.^^). Concentrating on the Kerr 
effect, a pure Px + ipy state with no disorder will result 
in zero signal (for a pure plane- wave-light This 
consequence of gauge invariance corrects earlier finite 
results^^^^^. However, The materials parameters of all 
samples used were carefully measured, and it is clear that 
the mean free path and scattering time are finite. To take 
this into account, Goryo calculated the off-diagonal com- 
ponent of a current-current correlation function induced 
by impurity scattering in a chiral p-wave condensate^^. 
The skew-scattering-type diagrams give the leading con- 
tribution to a finite off-diagonal conductivity. The calcu- 
lation of and ur with the actual material parameters 



5 



were used to calculate Ok according to Eqn. O The the- 
oretical Kerr angle calculated by Goryo agrees to within 
15% with our experimental result. These results were 
recently confirmed by Yakovenko and Lutchyn^^. Since 
in this impurity-induced mechanism, the PKE would be 
suppressed or zero for any state other than the chiral p- 
wave state, these combined results give strong support 
for a TRSB chiral p-wave state in Sr2Ru04. 



V. YBA2CU3O6+. 

One of the greatest outstanding puzzles in modern con- 
densed matter physics is high-temperature superconduc- 
tivity (HTSC). Understanding HTSC promises to show 
the way to a more general understanding of strongly cor- 
related electron systems. While there are many hallmark 
features associated with HTSC, the most prominent is 
the occurrence of a pseudogap for underdoped cuprates. 
This pseudogap state^^ is marked by the onset of anoma- 
lous behavior of many of the system's properties, includ- 
ing magnetic^^, transport^^, thermodynamic^^, and opti- 
cal properties^ below a temperature, T*, large compared 
to the superconducting (SC) transition temperature, Tc. 
The origin of the pseudogap is a challenging issue, and 
it is believed to hold an important clue to our under- 
standing of the mechanism behind HTSC^^. Two major 
classes of theories have been introduced in an attempt to 
describe the pseudogap state. In the first class, the pseu- 
dogap temperature T* represents a crossover into a state 
with preformed pairs with a d-wave gap character^^^^^. 
In the second class of theories, T* marks a true broken 
symmetry that ends at a quantum critical point, typi- 
cally inside the superconducting dome. While the low- 
doping phase may compete with superconductivity, the 
disordered phase may provide fluctuations that are re- 
sponsible for the enhanced transition temperature in the 
cuprates. Examples include competing phases of charge 
and spin density waves^^, or charge current loops which 
either do^ or do not^^ break translational symmetry. 
Concentrating on the pseudogap phase, some of the re- 
cent questions associated with its occurrence include i) 
whether the pseudogap is independent of superconduc- 
tivity, ii) whether it is magnetic in origin, iii) whether it 
marks a broken symmetry state, and iv) whether it leads 
to a quantum critical point at some critical doping. 

Again, high resolution Kerr effect measurements add 
important information that, in conjunction with other 
data, can provide new insight into the nature of the 
pseudogap state. Indeed, our recent studies of PKE on 
YBa2Cu306+a; suggest the presence of a small sponta- 
neous static magnetic response intimately related to the 
pseudogap transition^^. Our most significant result is 
that we find a trend in the location and size of the Kerr 
signal that appears at the onset of pseudogap, and which 
seems to cross the superconducting dome, thus suggest- 
ing that the line defined by the pseudogap temperature 
T* ends at a quantum critical point near optimal dop- 



ing. In addition, we find strong evidence that a novel 
magnetic state with broken time reversal symmetry al- 
ready exists in the system well above room temperature. 
This state is coupled to the pseudogap order parameter, 
thus allowing us to observe the broken symmetry state 
at T* when the temperature is lowered. 

High quality YBa2Cu306+x single crystals with x = 
0.5 (ortho-H, Tc = 59K), x = 0.67 (ortho-VIH, = 
65K), X = 0.75 (ortho-IH, = 75K), and x = 0.92 
(ortho-I, Tc = 92K)^^, as well as high quality thin films 
were used in this study. The crystals, in the form of {ab- 
plane) platelets several millimeters on a side and a frac- 
tion of a millimeter thick (c-direction), were mechanically 
detwinned. X-ray diffraction measurements indicate typ- 
ical uninterrupted chain lengths of about 120 xb^^. 

Fig. [Vl shows a typical cycle for three compositions. 
Samples were first cooled in a 5 T field down to 4 K. At 
that temperature the field was removed and Kerr data 
was collected while warming the sample back to room 
temperature. Three regimes are clearly observed in the 
data. To best see them, let us first concentrate on the 
middle panel where we display the data for x = 0.67. The 
low-temperature regime shows a large signal that decays 
exponentially when the temperature increases, until it al- 
most disappears at Tc = 65 K. We interpret the signal 
in this regime as due to vortices. We note that pinning 
forces are strong for this intermediate-anisotropy sam- 
ple, and thus a relatively large remanent magnetization 
is expected when the field is removed at T ~ Tc. A small 
(~500 nanorad) remanent signal left at Tc decreases with 
increasing temperature until it completely disappears at 
a higher temperature T5 . Above Tg we cannot detect any 
Kerr signal to a resolution of 50 nanorad. 
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FIG. 5: Kerr effect data taken on 3 crystals with different 
compositions. Insets for the left two panels we also show an 
enlarged region above Tc. 



On the left in Fig. |Vl we plot the result of Kerr data 
after a 5 T cooldown for a very underdoped sample 
{x = 0.5). The relatively small Kerr enhancement below 
Tc is in agreement with the large anisotropy, and there- 
fore weak pinning, of this composition. We note that T5 
for this composition is higher. On the right in Fig. IVl we 
plot the result for an optimally-doped sample {x = 0.92). 
While we note the very strong Kerr signal at low temper- 
atures, in agreement with the very strong pinning - and 
hence the large remanent magnetization - of this compo- 
sition, we also note the fact that no remanent signal is 
detected above Tc to a resolution of ~50 nanorad. This 
is very different than for the underdoped samples. An 
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examination of the signal below Tc indicates a "bump" 
in the Kerr signal at around 50 K. We will examine this 
feature below when comparing the zero-field-cool results. 
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FIG. 6: Polar Kerr effect of x = 0.67 sample. Left: ^60 Oe 
cooling-field data. Right: zero-field-cool data. 



Fig. [Vl depicts the unusual magnetic properties of the 
X = 0.67 sample. Following the high-field cooldown 
(Fig. [V]), we examine the response of the system when 
cooled in small field. Here we used ^60 Oe. First we 
observe that above Tc the signal practically traces the 
signal measured after 5 T cooldown. However, while the 
sign of the signal above Tc remains the same regardless of 
the direction of the cooling field, we note that below Tc a 
small vortex-related signal does follow the magnetic field 
in which it was cooled down. On the right of Fig. [Vl we 
show a true zero-field cool measurement (remanent field 
smaller than 3 milli-Oe). Again we trace the same sig- 
nal above Tc, and this signal seems to continue smoothly 
through Tc, similarly to the average of the ^60 Oe mea- 
surements. This is a direct proof that a finite Kerr signal 
appears below Tg, and that this signal is an intrinsic ef- 
fect in the material. The unusual inability to "train" the 
sample with low fields above Tc is found in all under- 
doped samples, with different large fields needed to fiip 
the sign of the Kerr signal below Tg. The nature of this 
unusual effect is currently under investigation. 

Perhaps the most surprising result we have found, 
however, is in the study of the optimally-doped sample. 
Fig, [vl shows the high-field cool-down result of Fig. [Vl to- 
gether with the zero-field cooldown. First we note that in 
the zero-field cooldown there is no emerging signal above 
Tc to within ~50 nanorad, and that below Tc there is 
a definite trend for the signal to be positive. While it 
is difficult to determine the actual temperature at which 
the Kerr signal appears, it is clearly in the vicinity of 50 
K, and in fact coincides with the "bump" found in the 
high-field cool that we mentioned earlier. We conclude 
that this finite Kerr signal appears for optimally doped 
samples below Tc. 

To summarize our observations, we have identified a 
sharp phase transition at a temperature Ts(x), below 
which there is a non-zero Kerr angle, indicating the ex- 
istence of a phase with broken time reversal symmetry 
(TRS). The hole concentration dependence of Tg is in 
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FIG. 7: Zero-field measurements of Kerr effect on a x = 0.92 
sample. Top panel is a measurement after a 5 T cooldown 
while bottom panel is a measurement after zero-field (<3 
milli-Oe) cooldown. Note the correspondence between the 
"bump" in the Kerr measurement in the top panel and the 
onset of Kerr signal in the bottom panel. 



close correspondence with the pseudo-gap crossover tem- 
perature, T*, which has been identified in other phys- 
ical quantities. In particular, as shown in Fig. [Vl T^ 
is substantially larger than the superconducting Tc in 
underdoped materials, but drops rapidly with increas- 
ing hole concentration, so that it is smaller than Tc 
in a near optimally doped crystal and extrapolates to 
zero at a putative quantum critical point under the su- 
perconducting dome. The magnitude of the Kerr rota- 
tion in YBa2Cu306+a; is smaller by ~4 orders of magni- 
tude than that observed in other itinerant ferromagnetic 
oxide a^^i^^ , and the temperature dependence is superlin- 
ear near Tc, suggesting that we are either not directly 
measuring the principal order parameter which charac- 
terizes the pseudo-gap phase in YBCO, or that we mea- 
sure only its very small "ferromagnetic-like" component. 
In addition we find a hysteretic memory effect that seem- 
ingly implies that TRS is broken in all cases at a still 
higher temperature (above room temperature), although 
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no Kerr effect is detectable within our sensitivity at tem- 
peratures above T^^^. 
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is ~ 30 K higher for similar dopings in the results from 
Fauque it et al. as compared to our Tg, and is identical to 
our ortho-II results for Tg in the case of Mook's result^^. 
The /iSR results were taken from samples with dopings 
of X =0.67 and x =0.95, and for both samples, the onset 
temperature for increased muon relaxation matches our 
Tg. Moreover, the authors also note the existence of mag- 
netic effects above the onset temperature that persist all 
the way to room temperature in both samples. Thus far, 
no idea has been proposed to explain this extra magnetic 
signal which (e.g. in the case of neutron scattering) gives 
a background above which the new signal rides^^. 

Fig. |Vl summarizes our results on crystals and films, 
as well as the neutron and /iSR results. From this curve 
it is very tempting to continue the straight line down to 
zero temperature, ending at a quantum critical point for 
0.18. 

To summarize this section, we reported in^^ the discov- 
ery of a novel magnetic order across a wide range of dop- 
ing in YBa2Cu306+x- The new effect is ferromagnetic- 
like and onsets at a temperature that matches the pseu- 
dogap behavior in under doped cuprates. We further find 
evidence that the line defined by the onset of this effect 
crosses the superconducting dome to appear below Tc for 
a near-optimally-doped sample. Finally, we find that this 
effect couples to another time reversal symmetry break- 
ing effect that occurs at high temperatures and dictates 
the sign of the Kerr signal that appears at the pseudogap 
temperature. 



Hole doping ( p \ 



FIG. 8: Compilation of the onset temperature of TRSB signal 
Ts = T* for the four single crystal samples of YBa2Cu306+x 
with X =0.5, 0.67, 0.75, and 0.92 (circles), as well as for four 
thin films samples (squares). The two diamonds represent the 
onset of /iSR signal from Sonier et al^^, and the four hexagon 
symbols represent the neutron data of Fauque et al.^^ and of 
Mook et al^^. Dashed line is a guide to the eye. Ts for 
the near-optimally-doped thin film (Tc =91K) was difficult to 
determine and within 100 nanorad was consistent with zero 
(hence large error bar). Also shown are Tc{p) (from^°), and 
Tn{p) (from^). 



The fact that Ts marks the onset of a true symmetry 
breaking effect is lent support from the recent elastic neu- 
tron scattering measurements of Fauque it et al*^ and 
of Mook et al.^^ ^ as well as from earlier /iSR measure- 
ments by Sonier et ai^^ . Using polarized elastic neutron 
diffraction, Fauque et al. identified a magnetic order in 
the YBa2Cu306+aj system. This is done for each mea- 
sured point by taking the difference between the neutron 
scattering intensity in the spin-flip channel, which mea- 
sures the magnetic plus nuclear Bragg scattering, and the 
non-spin-fiip channel, which measures the nuclear scat- 
tering only. The new observed state was shown to have 
an unusual magnetic order in temperature and doping 
regimes that cover the range where the pseudogap oc- 
curs in YBa2Cu306+aj. In fact, the onset of the effect 



VI. SUPERCONDUCTOR/FERROMAGNET 
PROXIMITY BILAYERS 



The proximity effect between a superconductor (S) and 
an itinerant ferromagnet (F) differs from the ordinary 
proximity effect (see e.g.^^) in the fact that, in itiner- 
ant ferromagnets, electrons with opposite spins belong to 
different bands that are shifted with respect to one an- 
other by the exchange interaction energy J— iSUiSi. Thus, 
since a ferromagnet is inherently spin-polarized, singlet 
pairs from the superconductor will only penetrate a very 
short distance Lm into the ferromagnet. This penetra- 
tion distance ranges from just few nanometers for strong 
ferromagnets such as Ni, Co, and Fe, to a few tens of 
nanometers for weaker ferromagnets such as NiCu alloys. 
Some spectacular effects arise when a superconductor 
is sandwiched between two ferromagnets in a variety of 
S/F/S structures. For homogeneously magnetized ferro- 
magnets, periodic 7r-phase shifts across the junction may 
occur as a function of the thickness of the ferromagnetic 
layer dp^ resulting in oscillatory behavior of the criti- 
cal Josephson current /c((iF)^^^^^^^^- This effect was ob- 
served experimentally in several S/F/S system a^^i^^i^'^i^^ . 
For no n- homogeneously magnetized ferromagnets, the 
critical Josephson current was predicted to extend over 
larger distances, limited by the temperature length Lt 
due to generation of an odd-triplet component^^'^^. In 
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that case, the relevant spin projection of the triplet com- 
ponent is ±1, making the propagation of the supercon- 
ducting order parameter into the ferromagnet possible, 
as it is now insensitive to the exchange field. Experi- 
mental evidence for this effect was recently reported by 
Sosnin et al7^ and Keizer et alJ'^. 



a) 



E{x) 



K/4 

waveplate 



FIG. 9: Cartoon of the measurement scheme. Here both or- 
thogonal linear polarizations of light exiting the fiber^ become 
circularly polarized going through the A/4 plate and are then 
focused on the sample using a lens. The electric field of the 
incident light (represented with dashed line) penetrates a dis- 
tance 6s <C ds into the superconductor, thus is not sensitive 
to the spins in the F layer. 



While much of the work on S/F proximity effect fo- 
cused on the penetration of the superconducting order 
parameter into the ferromagnet, very little was done to 
understand the penetration of the ferromagnetic order 
parameter, i.e. the uniform magnetization, into the su- 
perconductor. For example, in the case of an induced 
triplet component, a novel proximity effect will result 
from the zero spin projection^^. The theory in this case 
predicts an induced magnetization in the superconductor 
that can vary between states that either fully screen^^ or 
anti-screen^^ the magnetization of the ferromagnet, de- 
pending on the microscopic parameters of the system. 
The experimental observation of this so-called "inverse 
proximity effect" has been viewed as a grand challenge 
in the field, as it would provide an important comple- 
mentary confirmation of the possible triplet pairing in 
S/F structures. However, when designing an experiment 
to monitor the magnetization in the superconductor, one 
must bypass the large magnetic signal in the ferromagnet, 
which would otherwise tend to overwhelm any magnetic 
signal originating in the superconducting layer. 

The zero-loop Sagnac interferometer is again the ideal 
instrument with which to address this challenge. Indeed, 
we recently reported direct experimental observations of 
the inverse proximity effect in Al/(Co-Pd) and Pb/Ni 
bilayers^^. To show unambiguously that we detect a fi- 
nite magnetization signal in the superconducting layer of 
a S/F bilayer structure, we performed magneto-optical 
Kerr effect measurements using light with an optical- 
penetration depth that is much smaller than the thick- 
ness of the superconducting layer, thus ensuring that the 
incident light does not interact with the moments in the 
ferromagnetic layer (see Fig. [9]). We measure a finite 
signal that seems to onset below the superconducting 
transition temperature, Tc, of the bilayer and increases 
with decreasing temperature. For the Pb/Ni system, for 
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FIG. 10: a) Kerr effect measurement of a Al/(Co-Pd) bilayer 
system with 90 nm of Al. Sample was first cooled in a field 
of -0.8 T down to 10 K. The field was then turned down to 
zero, and the sample was cooled further to 0.3 K. Data was 
taken as the sample warmed up. For both samples we also 
show the resistive transition, b) Kerr effect measurement of 
the Pb/Ni bilayer system. Sample was first cooled in a +1 T 
field down to 10 K. The field was then turned down to zero, 
and the sample was cooled further to 0.3 K. Data was taken as 
the sample warmed up. Also shown is the resistive transition. 
Note that in both cases the Kerr response indicates a magne- 
tization that opposes the magnetization of the ferromagnetic 
layer. 



which the superconducting coherence length is slightly 
smaller than the thickness of the superconducting film, 
the size of the effect is very small, of order 150 nanorad 
of optical rotation. For the Al/(Co-Pd) system the ef- 
fect is much larger and increases with size as the tem- 
perature is lowered, in accordance with predictions by 
Bergeret et a/i^, as shown in Fig. [TOl To establish that 
we indeed measure the inverse proximity effect, we first 
note that the observed signal cannot result from a sim- 
ple Meissner response to the magnetized ferromagnetic 
film. The observed signals are simply too large to result 
from screening currents. Moreover, because the films are 
thin, they can at most exist in a vortex state. However, 
vortices induced by the magnetized ferromagnetic films 
would result in a Kerr effect reflecting the magnetized 
ferromagnet, and thus would be opposite in sign to what 
we actually flnd experimentally. Note further that the 
magnetic fleld anywhere above the ferromagnetic fllm is 
vanishingly small due to the large aspect ratio, which 
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results in a demagnetization factor very close to unity. 

To summarize this section, we have observed the in- 
verse proximity effect, in which the magnetization in a 
ferromagnetic film induces a magnetization that is much 
smaller and opposite in sign in the superconducting layer 
of a S/F bilayer proximity system. This observation may 
lead to a more quantitative description of the general S/F 
proximity effect. 

VII. CONCLUSIONS AND OUTLOOK 

In this paper we have reviewed several recent mea- 
surements of TRSB in unconventional superconductors. 
Following a discussion of the novel Sagnac apparatus, we 
showed evidence for TRSB in the superconducting state 
of Sr2Ru04, we showed results that support a true phase 
transition at the pseudogap temperature in YBCO high- 
Tc superconductors, and we introduced a scheme that 
allowed the first observation of the inverse proximity ef- 
fect in super conductor /ferromagnet bilayer s. We believe 
that these three different experiments, beyond the in- 
dividual accomplishment for each of these studies, also 
demonstrate the power of the zero-loop Sagnac interfer- 
ometer. 

At present we are able to reach a sensitivity of 100 
nanorad working at a shot-noise limited power of 10 
/iWatt, allowing us to perform very low temperature 
measurements at the unprecedented sensitivity of a few 



nanorad. However, the utilization of the instrument can 
be extended further with the addition of a scanning mech- 
anism and a near field capability. While at present we 
are working at a diffraction limited beam of a few /im, 
it is feasible to add near field capabilities with at least 
A/ 10 spatial resolution, as as previously shown by Dodge 
et al7^ . The spatial resolution can be further improved 
with an instrument working at shorter wavelength. In- 
deed we are currently constructing such instrument op- 
erating at A =830 nm. An instrument at this wavelength 
will also be especially well-suited for measurements of 
GaAs systems, since its wavelength coincides with the 
bandgap of this compound semiconductor. 

Finally we note that the superconductor /ferromagnet 
proximity bilayer studies demonstrated the great selec- 
tivity of the Sagnac instrument, allowing us to probe the 
magnetization of the superconducting component only. 
We believe that this ability for selectivity will prove the 
instrument useful in additional applications. 
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